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Abstract: The dispersion of the watéH longitudinal relaxation rate in the frequency rangel®0 MHz has been
measured in aqueous solutions of bovine pancreatic trypsin inhibitor (BPTI) and a mutant protein (G36S) lacking
one of the four internal water molecules. Th¢relaxation dispersion has also been measured for BPTI in a series
of H,O/D,O mixtures. The quantitative analysis of these data resolve the major controversies in the interpretation
of waterH relaxation data from protein solutions and has implications for medical magnetic resonance imaging.
Three principal conclusions are drawn. First, as previously found for the &tand’O dispersions, the BPT+

G36S differencéH dispersion can be quantitatively accounted for by a single, fully ordered, internal water molecule
(W122). The intrinsic relaxation rate of these water protonsas70% intramolecular, with the intramolecular
dipole coupling constant as in ice, and. 30% intermolecular, with significant dipole couplings to many BPTI
protons. Second, exchanging protons in the protein make a substantial contribution to the obser‘étinetateation

rate. This contribution should be dominant even at neutral pH for most proteins. Third, the effect of intermolecular
dipole couplings with protein protons is additive, and cross-relaxation effects are negligible. A theoretical analysis
of dipole relaxation in a multispin system undergoing chemical exchange with an abundant bulk phase shows that
this conclusion holds generally within the regime of motional narrowing theory.

Introduction cross-relaxation between the longitudinal magnetizations as-
sociated with water protons and protein protons.

The principal obstacle to progress in the water NMRD field
has been the difficulty of establishing the molecular mechanism
whereby hydration water senses the rotational diffusion of the
protein. This mechanism has only recently been identified by
2H and’O NMRD studies of several proteifist®> These studies
unambiguously demonstrate that tH® relaxation dispersion
is due neither to a long-range hydrodynamic effect as argued
' for 15 year&16nor to long-lived water molecules at the protein
surface as currently advocated by several workigrd® but to
a small number of crystallographically well-defined water
molecules buried inside the protein and exchanging with bulk
water on a submicrosecond time scale. The dispersion
generally includes an additional contribution from labile protein
hydrogens! Since the intrinsi¢H relaxation times of labile
protons are +2 orders of magnitude longer than the rates,
the labile proton contribution to th¥H dispersion should be
correspondingly larger, possibly dominating over the hydration
water contribution. This is probably the main reason Why

Since the pioneering study by Daszkiewitzal. in 1963}
proton relaxation studies of wateprotein interactions and
dynamics have grown into an active field of investigation.
While such studies have always been of fundamental biophysical
interest, they are now also motivated by the importance of
relaxation-based contrast in clinical applications of magnetic
resonance imaging. It was recognized at an early 3tadieat
the frequency dependence of the longitudinal relaxation rate
the nuclear magnetic relaxation dispersion (NMRD), contains
information about waterprotein interactions and dynamics.
Extracting this information turned out to be nontrivial, however,
and after nearly three decades'bf NMRD studies of protein
solutions and other biological systems a consensus view is still
lacking®>8 The interpretational controversy concerns three
major issues: if the nature of the protein-associated water that
contributes to the relaxation dispersion: its location, orientational
order, and residence timdi)(the relative importance of direct
contributions to the observelH relaxation rate from labile
protein protons exchanging with water, aniil)(the effect of
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NMRD studies failed to identify the mechanism behind the
hydration water dispersion.
We report here newH NMRD data from solutions of bovine
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transfer between water and protein protons does not significantly
affect the observed watéid relaxation. This conclusion is
corroborated here by a rigorous theoretical analysis of dipole

pancreatic trypsin inhibitor (BPTI), perhaps the best understood relaxation in an exchanging multispin system, showing that, for
of all globular proteins. Results from two types of NMRD BPTI, the cross-relaxation effect is within the experimental
experiments are presented. The first is a difference NMRD uncertainty ofca. 1% in the measured relaxation rate.
experiment, where wild-type BPTI is compared with the G36S  The dynamical coupling of water and protein proton polariza-
mutant of BPTI, lacking one of the four internal water tionseia an intermolecular dipole interaction is well understood
molecules® The difference dispersion profile thus monitors  theoreticall$232 and provides the basis for studies of protein
the relaxation enhancement produced by a single internal waterhydration through the nuclear Overhauser effect (NOE) in
molecule (denoted W122). We have recently used this approachsaturation transfer experimeffts®® and in two-dimensional
with the quadrupolar water nucl#i and’O, establishing that ~ NOE spectroscop$?4° Since the nature of the dynamical
W122 is fully ordered and exchanges with a residence time of water—protein coupling underlying th&H dispersion was not
1704 20us at 27°C.1314 In the second experiment, we record  known, however, cross-relaxation in the context of watér
theH NMRD profiles from a series of BPTI solutions differing NMRD has traditionally been described by phenomenological
only in the H/D isotopic composition of the solvent. Such models based on solid-state concepts such as spin temperature
isotope dilution experiments can be used to isolate the contribu-and spin diffusior?;224%43 of doubtful validity for protein
tion to the 'H relaxation rate from intermolecular dipole solutions. Since the phenomenological model of cross-
couplings with nonexchangeable protein protbfs26 relaxation is mathematically isomorphic with the formalism of
Besides the detailed information available from reéehand two—state chemical exchantfeand since it involves parameters
170 NMRD studies’ %4 two additional circumstances combine of obscure physical significance, it is not easily confirmed or
to make BPTI an ideal protein for disentangling the complex refuted by experimental data. Nevertheless, cross-relaxation has
interplay of water and proton exchange and of intra- and frequently been invoked to interpret watét relaxation data
intermolecular dipole couplings that influence fierelaxation from protein solutiong:57.22,24.26,4548 56 The present more
rate. First, a high-resolution crystal structure is available, basedrigorous theoretical analysis shows, however, that the effect of
on jointly refined neutron and X-ray diffraction data, providing cross-relaxation is negligible, a result consistent with the
the spatial coordinates of all protons, including those of the four experimental data presented here. Furthermore, we argue that
internal water molecule®. This geometrical information makes  this conclusion holds generally within the regime of the
it possible to calculate the intermolecular contributions to the conventional motional narrowing theory of spin relaxation. The
dipole relaxation of internal water protons and labile BPTI main arguments for the importance of cross-relaxation have
protons. Second, most of the exchange rate constants for thecome from isotope dilution experiments and comparisorisiof
labile protons of BPTI are knowH;28:2° permitting reliable and?H NMRD profiles. Here we compare for the first time
estimates of the direct labile proton contributiortbrelaxation the NMRD profiles of all three water nuclel, 2H, and1’0)
at any pH. and find that the differences between them can be quantitatively
Drawing on the massive body of information about BPTI, accounted for in terms of exchanging internal water molecules
including the recemH and’0 NMRD results?~14we are able and labile protons and an additive intermolecular auto-relaxation
to quantitatively rationalize the neH NMRD data, thereby contribution. There is thus no need to invoke cross-relaxation.
resolving the three major interpretational ambiguities mentioned The same conclusion emerges from the analysis of the isotope
above. Taking into account a 30% intermolecular contribution, dilution experiment.
calculated from crystal structure data, and using the ice value
for the intramolecular dipole coupling constant of®] we thus
obtain guantitative agreement with tAid and1’O results for _ _ _ _ _ o
the isolated internal water molecule W122. A similar agreement Protein Solutions. Recombinant bov!ne pancreatic trypsin inhibitor
is found for the other three internal water molecules. The direct (BPT!) and the G36S mutant were obtained from Bayer AG, Wuppertal,

- . . Germany. The preparation of the mutant protein has been desétibed.
contrllbutlon from labile BPTI protons is Comparablg to that from Wild-typ)é and m%ta?n proteins were subjeEted to the same purification
one internal water molecule at pH 5.1 but dominateslthe
dispersion at pH 7. This is an important result, since the labile
proton contribution has frequently been assumed negligible at
neutral pH>7.8.16-18.22.26.30.31 Finglly, the present finding that
the *H relaxation dispersion can be quantitatively rationalized g;
without invoking cross-relaxation indicates that magnetization
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steps and were lyophilized as salts of trifluoroacetic acid. The purity 1.00 ————rT
of both protein preparations was 99.7% according to SDS-PAGE and o
RP-HPLC.

Protein solutions were made by dissolving the lyophilized proteins
in doubly distilled water. A small amount & M NaOH was added
to the protein solutions to give pH 5.1. The protein concentrations in
the NMR samples were determined by complete amino acid analysis
to 16.75 mM (wild-type) and 16.50 mM (mutant). The former
concentration corresponds to a water/BPTI mol raile= 3045. |

The H/D isotope dilution experiment was carried out with recom- 0.50
binant BPTI (Aprotinin, batch no. A46R02) of 99.5% purity from Novo
Nordisk A/S, Gentofte, Denmark. Four protein solutions were made
by dissolving the lyophilized protein inJ®/D,0O mixtures of different

0.75

R, ()

isotopic composition. BD of >99.8 atan % D was obtained from r bulk H,O o]
Glaser AG, Basel, Switzerland. The deuterium atom fractiomthe 0.25 s —
exchanging hydrogen pool (water and labile BPTI hydrogens) was ! 10 100
calculated from the gravimetric sample composition, making a small v, (MHz)

correction for protons originating from#9 in the lyophilized protein
(87% BPTI according to amino acid analysis) and from labile BPTI
groups. The BPTI concentration was 18.9 mM & 2600), differing

by less than 1% among the four samples. All solutions haer[d.1,

Figure 1. Dispersion of the watelH longitudinal relaxation rate in
solutions of wild-type (WT) and mutant (G36S) BPTI at 27@, pH

5.1, and 16.75 mM protein concentration. The curves resulted from
: . three-parameter fits according to eq 1. Data from a pure water reference
—_ * *

where pL= pH* + 0.4 and pH* is the uncorrected meter reading in sample are also shown, with the line representing the average value.

an |sotop|§ally rmxed.solvent. o ) Except for the two lowest frequencies, the estimated error lzars (
Relaxation Dispersion Measurements.The longitudinal relaxation 1%) are roughly the same size as the data symbols.

rate, Ry, of the water proton magnetization was measured with
nonselective inversion recovery using essentially the same protocol as 0.15 o T T
for 2H and'’0.1°1 For the delay times used ¢ 0.05T;), no significant F
deviations from single-exponential magnetization recovery could be
detected. No attempts were made to observe the initial fast relaxation
of the magnetization associated with nonexchanging BPTI prééghs.
The relaxation dispersion comprised 16 magnetic field strengths,
corresponding t8H Larmor frequencies in the range 2:2500 MHz.

Up to 80 MHz, the measurements were performed with a Bruker MSL
100 spectrometer equipped with an iron magnet (Drusch EAR-35N)
with field-variable lock and flux stabilizer. For the highest field, a
Bruker DMX 100 spectrometer was used. The sample temperature was
maintained at 27.@: 0.1 °C by a thermostated air flow and a Stelar
VTC87 temperature regulator unit.

Prior to relaxation measurements, the samples (1.35 or 0.30 mL in -
10 or 5 mm NMR tubes thoroughly rinsed wi8 M HCI and EDTA 0.00 . :
solutions) were gently bubbled by argon gas ferh. This procedure 1 10 100
virtually eliminated the small paramagnetic contribution, from dissolved v, (MHz)
oxygen, to the proton relaxation rdfe A pure water reference sample
treated in this way gavg,uk = 0.274 s, with no significant frequency
dependence in the investigated range. The standard literaturé%alue
is Rouk = 0.265 s!. The accuracy of the reported relaxation rates is
estimated ta@a. 1%, except at the two lowest fields. Due to the slight
concentration difference between the wild-type and mutant protein
solutions, the mutant data were corrected to the wild-type concentration
according toR(G36S,correctedF Rouk + (Ri(G36S)— Rou)c(WT)/
¢(G36S). This correction was always less than 1%.

e
=
o

0.05

R,(WT) - R,(G36S) (s)

Figure 2. The difference of the WT and G36S dispersion data in Figure
1, reflecting the single internal water molecule W122. The curve resulted
from a two-parameter fit according to eq 1 with= 0.

The curves shown in Figure 1 were obtained by adjusting
the three parameters, 5, andz. in the relaxation dispersion
relation'©-15

0.2 0.8
, ) Ry(wg) = Ry + o+ Bz, > T 5| (1)
Results and Discussion 1+ (wgr)” 1+ (2wgry)

Proton Relaxation Dispersions from BPTl and G36S.The  Thjs dispersion relation is strictly valid only for an isolated pair
longitudinal relaxation dispersion of the water proton resonance of dipole-coupled equivalent= 1/2 nuclei or forl = 1 nuclei
in solutions of wild-type (WT) and mutant (G36S) BPTI are interacting with an electric field gradieft. Although we shall
g,hown n Figure 1. Aas,l?bserved for the corresponding water show that théH dispersion has a substantial contribution from
?H and*’O dispersiond?*“the magnitude of the dispersion step  intermolecular dipole couplings to BPTI protons, it turns out
is distinctly smaller for the mutant. The two proteins have that, to an excellent approximation, the functional form of eq 1
virtually identical structure, except for the replacement of the may be retained, provided that the parameters are interpreted
deeply buried water molecule W122 in wild-type BPTI by the appropriately.

hydroxyz/(l) group of the serine36 sige-chain in tthGSGS Disregarding for the moment the intermolecular contribution
mutant?® As in the case of théH and*’O dispersions?*“the as well as any contribution from labile BPTI protons, the
difference between thi dispersions, shown directly in Figure  parameterr characterizing the high-frequency relaxation rate
2, can therefore be ascribed to the single internal water molecule|[,|ateau can be ascribed M short-lived water molecules at
wizz. the protein surface, while the paramefecharacterizing the

(49) Hausser, R.- Noack, &Z. Naturforsch 1965 20a 1668-1675 magnitude of the relaxation dispersion can be ascribel, to

(50) Hindman, J. C.: Svirmickas, A.: Wood, M. Chem. Phys1973 long-lived internal water molecules. If the latter have residence
59, 1517-1522. times, 7;, much longer than the rotational correlation timg,
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Table 1. Parameter Values Deduced from Fits of Eq 1 to tHe
Relaxation Dispersion Data in Figures 1 and 2

data o(s™ B (10" s7?) 7c (nS)
WT 0.1304 0.003 8.604+0.17 6.2+ 0.1
G36S 0.132+ 0.003 6.42+ 0.16 6.2+0.2
difference 2.03:0.13 6.6+ 0.6

of the protein, we can make the identification= 7r.*> In the
absence of intermolecular dipole couplings, we then Haveé!

o = (Ng/Np)(IRT— Ry 2

3
B = (N, IN5(D AY® (3)
where Ny is the total number of water molecules per protein
molecule in the solutionNy = 3045 here)A is a generalized
orientational order paramet&>253andD is the intramolecular
dipole coupling constaptt

O (ﬂ_)m

e (4)

3
MAH
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Scaled R,(G36S)
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0.1 1
0,7,
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Figure 3. Dispersion of the watetH, 2H, and ’O longitudinal
relaxation rates in solutions of the G36S mutant at 2Z.@nd pH 5.1

(*H) or pH* 5.2 @H and*’0). To allow a direct comparison, the data
have been scaled as in eq 5. The curves resulted from three-parameter
fits according to eq 1. ThéH and YO data have been reported
previously!?

(compared to water protons) decreases the relative contribution

The parameter values deduced from the fits in Figures 1 andof labile hydrogens tax. Another complication is that the

2 are collected in Table 1. If, as previously shotfithe point
mutation in G36S induces only local structural changes, we
expecto (which depends on the average structure of the protein
surface) and. (which depends on the overall size and shape
of the protein) to be unaffected. The data in Table 1 clearly
confirm this expectation. In contrast, the paramgewhich
depends on the number of long-lived internal water molecules,
is significantly smaller for the G36S mutant, where one of the
four internal water molecules has been expelfed direct two-
parameter fit to the difference NMRD data (Figure 2) yields a
value for 8 that does not differ significantly from the dif-
ference of thes values deduced from the WT and G36S fits
(Figure 1).

Using eq 2 withNt = 3045 andRyyx = 0.274 s, we find
that thea value in Table 1 corresponds K{(RIRyyk — 1) =
1460+ 30, in close agreement with the values 138@0 and
14604+ 50 previously deduced from tiel and’O dispersions,
respectively, from the same protein preparatibnAll these
results are likely to be slightly high due to the presenceaof
0.5 M trifluoroacetate in the protein solutiofs.Using instead
the a. value from the HO solution of BPTI used in the H/D
isotope dilution experimenvide infra), we obtainNg([RgIRyuik
— 1) = 1280+ 40, close to the value 12068 50 deduced from
the 2H and 7O dispersion from this BPTI preparatidh!!
Taking Ns = 230'° and assuming that the bulk water coupling

intermolecular relaxation contribution may differ for surface
water and bulk water. The close agreement between the scaled
o values from the three nuclei, however, indicates that both
these complications are unimportant under the present condi-
tions. We note also that, in principle, the high-frequency
relaxation enhancement could be dominated by a small number
of surface water molecules with effective correlation times
around 0.3 ns, in which case a second dispersion step should
appear above 100 MHz. However, such a scenario is not
supported by relaxation data (not shown) on a different BPTI
sample (14 wt %, pH 3.9 and 7.57€), revealing no significant

Ry variation in the range 266600 MHz.

The correlation timez. = 6.2 + 0.2 ns, obtained here for
WT, and G36S BPTI can be identified with the rotational
correlation time,zr, of the protein. PreviougH and 17O
studied® of the same protein preparations but at somewhat
higher concentrations (22.7 and 25.7 mM) than here (16.8 mM)
gaver, = 8.4+ 0.2 ns #H) and 6.64 0.2 ns {’0). At the
lower concentration 5 mM;. = 2.4+ 0.6 ns has been obtained
by 15N relaxation®* The longer correlation times obtained at
the higher protein concentrations can be ascribed to pretein
protein interaction$%55 All 7. values quoted here, when not
measured in K%0 at 300 K, have been scaled To= 300 K
and»n = 0.851 cP, assuming; O #/T.

Comparison ofH, 2H, and 7O Dispersions. In the analysis

constants are unaffected, we find that these values correspongy; \yater relaxation dispersion data from protein solutions,

to a slowing down of the water dynamics at the protein surface
by an average factor of-67 as compared to bulk water.

comparisons of relaxation data from different water nuclei have
played an important role!'~16.22.30.57 Previously, however,

Although we focus in_ this study on the dispersion in lh? comparisons of complete NMRD profiles for a given protein
1-100 MHz range, mention should be made of several potential haye peen limited to two of the three water nuclei: either the

complications in the interpretation of the high-frequerity
relaxation enhancement In generalo values derived from
IH or 2H dispersions include a contribution from labile
hydrogens. For BPTI at pH 5, however, this contribution should
be quite small, as previously demonstrated 3! Whereas
the slower relaxation ofH (compared t&?H) brings a larger

number of labile protons into the fast exchange regime, the much

slower relaxation of the dominant (at pH 5) hydroxyl protons
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hydrogen isotope¥H and?H>16.22.30qr the quadrupolar nuclei
°H and 7011715 Figure 3 presents, for the first time, the
dipersion profiles of all three water nuclei in a protein solution,
namely the G36S mutant of BPTI. TRE and!’O data have
been reported previously.
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To enable a direct comparison of the different nuclei, the
relaxation dispersion profiles are presented in reduced form,
with the scaled relaxation rate defined as

N
Ricamdz (R —a— Rbulk)c_,; %)

where C(*H) = (3/2) D? = (10/3) My C(2H) = (37%/2)
[x(®H)]?, and C(*’0) = (1274/125)[;(*"O)]?. For the data in
Figure 3, we have used the itfevalues for the intramolecular
rigid—lattice second momet#® M5 = 19.6 @ and for the
rigid—lattice quadrupole coupling constai®t$? y(°H) = 213
kHz andy(*’0) = 6.5 MHz. These values should be appropriate
for the approximately tetrahedrally hydrogen bonded internal
water molecules of BPTI27 The factorNt in eq 5 removes
the dependence on protein concentration, while the fagtor
(and the use ofvgr; as abscissa) compensates for the small
variation in the correlation timev{de suprg.

Combination of egs 1, 3, and 5 yields

0.2
1+ (wgr)°

0.8

Ricaled= NI A2 5
1+ (2wqt)

(6)

The low-frequency limit ofR°**®in Figure 3 thus gives the
quantity NjA? directly. The precise scaling of tHél and 7O
data has been noted previoudly.The low-frequency value,
R4 = 2,04 + 0.04, corresponds to the quite reasonable
value[A2[= 0.684 0.01 for the mean square generalized order
parameter of the three internal water molecules W111, W112,
and W113 in the G36S mutant. From tHe data, however,
we obtainR®?= 4.18 + 0.10, corresponding tBA2[= 1.39
4+ 0.04. This is an unphysical result since a dipolar order
parameter cannot exceed 1. Although ghparameters for the
different nuclei need not be equalde infra), the large deviation
of the 'H value indicates that the analysis is incomplete. In
the following, we demonstrate that the large deviation of the
scaledH dispersion from the coincidefitt and*’O dispersions
in Figure 3 is due toi}f a contribution from intermolecular
dipole—dipole couplings between internal water and BPTI
protons andi{) a direct contribution from rapidly exchanging
labile BPTI protons.

Figure 4 shows the W G36S difference dispersions for
the three nuclei, scaled as in Figure 3. Since any direct labile
proton contribution cancels out in the difference, all three

dispersions must be due to the internal water molecule W122.

In contrast to Figure 3, there is now a large difference between
the scaledH and'’O dispersions as well. This difference is a
consequence of the longer residence time of W22 170

+ 20us at 27°C,**as compared tg = 0.01— 1 us for W11l-
W11313 While W111-W113 are in the fast exchange limit
(with respect to the intrinsic relaxation rates of the internal water
nuclei) for all three nuclei at 27C, W122 is in the fast exchange
limit for IH only, in the intermediate exchange regime al;

and nearly in the slow exchange limit f&10. This, in turn, is
due to the different spinlattice coupling constants for the three
nuclei, causing theC factors (which are proportional to the
intrinsic relaxation rates) in eq 5 to differ in the ratio 1:14.4:
856 for'H, 2H, and1’O (assuming icgh coupling constants).

(58) Whalley, E.Molec. Phys1974 28, 1105-1108.

(59) Rabideau, S. W.; Finch, E. D.; Denison, ABChem. Physl968
49, 4660-4665.

(60) Edmonds, D. T.; Mackay, A. L1. Magn. Reson1975 20, 515—
519.

(61) Spiess, H. W.; Garrett, B. B.; Sheline, R. K.; Rabideau, SJW.
Chem. Phys1969 51, 1201-1205.

(62) Edmonds, D. T. ; Zussman, Rhys. Lett.1972 41A 167-169.
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Figure 4. Water'H, H, and'’O difference dispersions (WF G36S)
at 27.0C. To allow a direct comparison, the data have been scaled as

in eq 5. The curves resulted from two-parameter fits according to eq
1. The?H and*’O data have been reported previously.

10

Figure 5. Environment of the internal water molecule W122 (center)
in the crystal structure of BPF. The dashed lines represent the 11
intermolecular dipole couplings with HH separations in the range
1.9-3.0 A. Hydrogen atoms are white, carbon atoms grey, and N, O,
or S atoms black. Negative NOEs have been observed with five (bold)
of the eight strongly dipole-coupled BPTI protoiis.

A recent study of the temperature dependence (in the range
4—80°C) of the?H and’O dispersions for WT and G36S BPTI
indicates that W122 is fully orderéd. We thus expect that
AwizA*H) = 1. The low-frequency limit of RE°¥*{1H) in
Figure 4, however, yieIdAlezz(lH) = 1.41+ 0.09, implying
that the effective dipole coupling constant is larger than the
intramolecular ice value. This is indeed expected, since there
are also intermolecular dipole couplings between the protons
of W122 and nearby BPTI protons.

Intermolecular Dipole Couplings. In the crystal structure
of BPTI,?” the protons of the four internal water molecules are
engaged in 40 intermolecular dipole couplings with proton
separations less than 3 A. This is illustrated in Figure 5 for the
isolated internal water molecule W122. Such slowly modulated
intermolecular dipole couplings give rise to characteristic
positive cross-peaks in two-dimensional NOESY spéttfand
should also contribute substantially to the waltdrrelaxation
dispersion.

When intermolecular as well as intramolecular dipole cou-
plings are present, eq 1 should be replaced by

Rl(wo) = Rbulk +ta+ ﬁintraTcFintra(wOTc) + ﬂinterTcFinter(wOTc)
)
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10 ——— T that the frequency dependencies of the intra- and intermolecular
contributions in eq 7, when properly normalized, are virtually
e indistinguishable. Thus, tea. 1% accuracy, the dispersion
functionsFinya(X) andFinedX) are related througRinedX) = 0.1
+ 0.9Finra(0.9%). If the minor shift of the dispersion frequency
6 is neglected, eq 7 can therefore be cast on the form of eq 1,
=) with the identifications
é 4 o= atrue+ O'jﬂinterrc (9)
2 ﬂ = ﬁintra—‘r O'%imer (10)
Since the fits in Figures 1 and 2 are based on eq 1, the parameter
0 e values in Table 1 should be interpreted according to eqs 9 and
! 10N 100 10. The systematic error introduced by this approximate

Figure 6. Dispersion amplitude paramet@r:.r due to intermolecular procedure was assessed by generating synthetic data with the
. ter H i '
dipole couplings with the indicated internal water molecules in BPTI. aid of eq 7 and then comparing the quantitesp, and v

The data points were calculated as described in the text, using the crystaPbta‘me‘j from a fit using eq 1 with _the Corrgspondlng quantities
structure of BPTIN is the number of BPTI protons within a prescribed calculated from egs 9 and 10 using the input parameters. It
radius Ry Of either of the two water protonSier is inversely was thus found that a fit based on eq 1 overestimateg ca.

proportional toNy (= 3045 here). 2% and underestimates. by ca. 3%, while a is virtally
) _ _ unaffected by the approximation. These systematic errors are
Table 2. Dispersion Amplitude Parametefigier and ficross for of little consequence for the present work and will henceforth
Internal Water Molecules, Calculated from the Crystal Structure of be i
i = e ignored.
BPTI with Ry, = 10 A ) . . .

- — With the data in Table 2, we find that the second term in eq
water molecule Pimer (10°572) Peross(10°572) 9 contributes merely 34% of theo value deduced from the
Wi111 5.65 -0.11 WT and G36S dispersion fits in Figure 1. The foregoing
Wiig 3-(233 :8-52 interpretation ofx is therefore hardly affected. As regards the
W122 6.12 0.49 difference dispersion in Figure 2, eq 9 predicts, vaith(\W122)
WI11l1-W113 225 —0.46 from Table 2, a high-field plateau value of 0.004"srather
all 28.7 —0.95 than zero as assumed for the fit. This value, however, is just

within the experimental uncertainty.

Intramolecular Dipole Coupling. Having estimated the
intermolecular dipole couplings with the internal water mol-
ecules, we are now in a position to check whether tHe
dispersion data are quantitatively consistent with the previously
3 _ _ 3 _ reported 2H and 10 dispersion datéd4 e, whether the

Bitra= (1/NT)—Z(D;?”3 A:f”a)z = (N, /NT)_[QD'”tra A'”"a)ZD intramoleculafH contribution corresponds to what is expected
24 ' 2 from four internal water molecules in wild-type BPTI and three
(8a) in the G36S mutant.
1 ' ' . The first step is to calculai@nra from eq 10 with the values
Binter = (1/NT)zz/<i—[(D‘:l”{f” Ai?lt?r)z + (D;‘Z‘ier A;gier)z] (8b) of B andpiner taken from Tables 1 and 2, respectively. We use
I 2 a rather conservative estimate of 20% for the uncertainty in the
intermolecular contribution, corresponding roughly to an un-
where D and A are the dipole coupling constant and order certainty of 0.1 A in the H-H distances in the protein structure.
parameter associated with intramolecular and intermolecular (From the high-resolution structures of three different crystal
dipole couplings (as indicated by a superscript). Furtherythe forms of BPTI27.63.64ye calculate a root-mean-square variation
sum is over the\, internal water molecules, thesum is over of 0.05 A for the distances between the oxygen of W122 and
all proton partners in long-lived intermolecular dipole couplings, eight heavy atoms within 4 A. This shows that the protein
and the subscripts 1 and 2 refer to the two protons in an internalgeometry, in this region at least, is not sensitive to environmental
water molecule. For intermolecular dipole couplings within the influences.) Including also the experimental errofifrom the

with the dispersion functionBinya(X) = 0.2/(1+ x3) + 0.8/(1
+ 4x?) andFine(X) = 0.1+ 0.3/(1+ x?) + 0.6/(1+ 4x3). The
dispersion amplitude parameters in eq 7 are given by

cluster of the three internal water molecules WAI113, «; fit (cf. Table 1), we thus obtaifiinya = (4.4 &+ 0.5) x 10" s72
= (3/2) Fintralwotc)/Fintedwotc) (“like spins™), while for dipole for G36S and (1.5t 0.2) x 10’ s2 for the WT — G36S
couplings to BPTI protonsg; = 1 (“unlike spins”). difference dispersion.

Using the hydrogen coordinates from the jointly refined  The intramolecular dispersion amplitude paramggf. is
neutron and X-ray crystal structure of BFfl,we have related through eq 8a to the quantitly [[D""a Aint'8)2[] Since
calculatedBiner by including all N BPTI protons within a the difference dispersion is due exclusively to the internal water
distanceRy; of either proton of a specified internal water molecule W122, we havl, = 1 here. Furthermore, from the
molecule. For these calculations, the protein structure was taker?H and *’O results}* we haveAn'3(H) = 1 (vide suprg. If
to be rigid ;‘n‘?r = 1). The convergence OBiner With the G36S dispersion is ascribed to the three internal water
increasingN is shown in Figure 6, and the converged values molecules W113+W113, thenN, = 3. For both?H and*’0, it
are collected in Table 2. A relatively large number of protons was found thaiN,[A2[l= 2.04+ 0.0413 Since the electric field
contribute significantly t@iner, adding up to an intermolecular  gradient tensors of these nuclei are of different geoniéfge 62
contribution of 1/3 of the experimentgl (cf. Table 1). the equality of the generalized order parameters implies a certain

Unfortunately, it is not possible to determifigua and Sinter amount of orientational averaging by internal motions (on time
separately by fitting eq 7 to the dispersion data. The reason isscales shorter than protein tumbling). From its general defini-
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tion, one can derive explicit expressions frfor each of the neglected. Due to the smaller coupling constantdy the
three librational normal modes. Such expressions have beenintrinsic relaxation time of a labile proton is—P orders of
presented foPH and1’0.12 For 1H, a similar analysis shows  magnitude longer than for the corresponding labile deuteron.

that Consequently, labile hydrogen exchange is expected to be more
important for the'H dispersion.
[AME(IH)]2 = 1 — 36in? ¢tos ¢l (11) To incorporate the effect of exchanging labile protons on the

IH relaxation, we decompose the dispersion amplitude into
whereg is the angle of rotation around the libration axis. This contributions from internal water molecule#) and from labile
result is valid for the twist and in-plane modes; the wag mode Protons in the proteinfp)
has no effect oin"a. When the order parameters for the three
nuclei are plotted versus the libration amplitude, it is found that B=Pw+ Bp (12)
under conditions wheré(?H) and A(X’O) converge to (2.04/ _ )

312 they also do not differ much fro®™aH). We therefore ~ Wherefw = fwina + 0.Pwner S in €q 10, Withfwinra and
adopt the valué\, [JAN3)2[1= 2,04 for the present analysis of Awinter given by eqs 8a and 8b. Also thge term has
the IH dispersion from the G36S mutant. “intramolecular” (within NH and NH; _groups) and “inter-

Using the values 0B and N, [AM3)20deduced above, _mo_lec_ular“ par_ts. If _pro_ton exchange is fast co_mparepl to the
we can now use eq 8a to calculate the intramolecular dipole intrinsic rela.xatllonﬁp is S|mply related to apopulatlon-welghted
coupling constanD"a. To facilitate comparison with other ~ average of intrinsic relaxanon rates. At a given pH, however,
experimental data, however, we calculate instead the intra- the labile proton population exhibits a wide range of exchange
molecular second momeny" = (9/20) D325 We thus rates. We therefore compuf as
obtainMy" = 19 + 2 G? for W122 andMj"(= 28 + 3 G _
asan avérage for W13W113. We have przeviously arguéal B = [R(0) = Re(@ )/ (13)
that the strong and approximately tetrahedral hydrogen bonding
of the internal water molecules in BPTimplies that the water
2H and'’O quadrupole coupling constants should be essentially
the same as in icéh. In the case of W122, where the most 1 N
detailed data are available, this hypothesis appears to have been = Pk

: . . Re(w) 2;
confirmed!* If the present analysis 84 NMRD data is correct, 2 (N; + Np) & To(@) + 7y
we therefore expect the intramolecular second monwJit
deduced for the internal water molecules in BPTI to closely where the sum runs over all labile groups in the proteé¥ay is
match that of ice. Subtracting the calculated intermolecular the number of protons in each group, determined by solution
second moment from the measured total second moment, ongH and (X, values for the labile protons, all of which are known
obtainsMy™ = 19.6+ 1.1 G for ice Ih, 19.1+ 1.1 G for ice for BPTLS” FurthermoreNp = SiNpk. The mean residence
Ic, 19.04 1.3 G foricell, and 20.3+ 1.3 & for ice IX.58:59 times zp Of labile protons are determined by pH and the rate
Our result for W122 is thus in excellent agreement with the ice constants for acid- and base-catalyzed proton exchange, many
values, as anticipated. For W11W113, however, the deduced  of which have been determined for BPT£8.29 For the present
average intramolecular second moment of 283 G2 is calculations, we made use of the known rate constants, corrected
significantly larger than in any of the ice polymorphs. This to 27°C using estimated activation energ?&® For those labile
finding indicates a non-negligible contribution to the weldr protons where rate constants have not been determined, we used
relaxation from labile BPTI protons at pH 5.1. values for similar labile protons in BPTI or in model com-

It should be noted that the quoted intramolecular second pounds?® Finally, to achieve agreement with the isotope
moments for the ice polymorphs include the effect of motional dilution data ¢ide infra), we scaled the hydroxyl rate constants
averaging by intramolecular vibrations and small-amplitude by a factor 3 and the lysine rate constant by a factor 0.3 (giving
librations®566 While these motions have been estimated to k, = 6.5 x 10° M~1 s71, in close agreement with a previous
reduceMy"™ by 16%58 they are much too fast (30100 fs) to estimate for BPT). The intrinsic relaxation time$p(w) of
make a significant direct contribution to the relaxation. (Mo- labile protons were calculated from the proton coordinates in
tional averaging by slower motions, typically a few to a few the crystal structure of BPF. In this way we obtaine@s =
hundred picoseconds, is taken into accouwid the order 1.5 x 10" s2 at 27 °C, pH 5.1 andNy = 3045. For the
parameterA.) The high-frequency motional averaging should following analysis, we estimate the uncertaintyfisto 20%.
occur to roughly the same extent for water molecules in ice  The intramolecular contribution from the three internal water

wherew, is a frequency on the plateau above thg dispersion,

(14)

and in proteins. Also the ice values for tRel and 1O molecules W111W113 can now be obtained A§intra= 8 —
quadrupole coupling constants are motionally averaged in this 0.Pwiner — fp = (2.9 % 0.5) x 10" s72 Inserting this value
way. andN, [A"20= 2.04 @ide suprd into eq 8a, we arrive at

Exchange of Labile BPTI Protons. The water'H and?H the (average) intramolecular second moni@"*(= 18 + 4
relaxation rates from a protein solution generally include direct G? for W111-W113. The close agreement of this value with
contributions from labile protein hydrogens exchanging with |\/|i2ntra for the ice polymorphs:fde suprg supports our inde-
water!lS7 In the case of BPTI, the strong observed pD pendent estimate ¢fp.
dependence of thi dispersion amplitude paramejgcan be The WT — G36S difference dispersion should be unaffected
quantitatively accounted for by exchanging labile hydrogéns. by proton exchange since tjfe contribution cancels out in the
Only in a narrow range around pD 5.5 can this effect be difference. The G36S mutant contains, in addition, the hydroxyl

(63) Wlodawer, A.; Deisenhofer, J.; Huber, R.Mol. Biol. 1987 193 group of Ser 36. Bei.ng deeply buried and strongly hydrogen
145-156. bonded, however, this hydroxyl proton should exchange too

(64) Wlodawer, A.; Nachman, J.; Gillland, G. L.; Gallagher, W.; slowly to contribute significantly even to thél dispersiore?
Woodward, CJ. Mol. Biol. 1987 198 469-480.
(65) Pedersen, Bl. Chem. Physl964 41, 122—-132. (67) Withrich, K.; Wagner, GJ. Mol. Biol. 1979 130, 1—-18.

(66) Barnaal, D. E.; Lowe, |. J1. Chem. Physl967 46, 4800-4809. (68) Liepinsh, E.; Otting, GMagn. Reson. MedL996 35, 30—42.
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Figure 8. Dispersion of the watetH longitudinal relaxation rate in
18.9 mM BPTI solutions with isotopically mixed water (deuterium
fraction indicated) at 27.0C and pL 5.1. The curves resulted from
three-parameter fits according to eq 1. Except for the two lowest

d frequencies, the estimated error bara.(1%) are roughly the same
size as the data symbols.

Figure 7. Variation with pH of the labile proton contributiofe to
theH dispersion from BPTI solutions at 2T, calculated as described
in the text.8p has been normalized by the contributif:2. of one
fully ordered internal water molecule (W122); the ratio is thus
independent of protein concentration. Separate contributiofis éme
shown from the OH and COOH groups (long dash), the lysines an
arginines (short dash), and the amides (dash-dot) of BPTI.

o ) Table 3. Parameter Values Deduced from Fits of Eq 1 to He
At pH 5.1 and 27°C, the p contribution is dominated by  Relaxation Dispersion Data in Figure 8

the eight hydroxyl protons in BPTt&. 70%), which are in the X Rouk + 0 (579 B (107 s72) 76 (ns)

fast exchange limit withrpy in the range 0.55 ms andTpi(0) 0.4092 0,004 100t 02 50L 02
in the range 840 ms. The 15 ammonium protons in BPTI, 0.360 0.289% 0.003 748+ 016 6.4+ 0.2
which also contribute significantlycé. 15%) to Sp, have 0.651 0.199- 0.002 5.08- 0.11 6.4+ 0.2
intermediate exchange rates at pH 5k & Tpk in the range 0.856 0.134+ 0.001 3.614-0.07 7.1+ 0.2

20—85 ms). At higher pH values, arginine and amide protons

make large contributions {8», and at lower pH there is a small Due to the smaller magnetic moment of the deuteron, a
contribution from rapidly exchanging carboxylic protons. Figure | niform H— D substitution reduces thé relaxation rate by

7 shows the variation ofip with pH at 27°C, calculated as a factor?/s(yoly)2o(lp + 1)u(ly + 1) = 0.0425169 |f the
described above. In calculating the curves in Figure 7, order H,O solvent in a protein solution is replaced by@ all
parameters of 0.6 were used for the flexible side chains of lysine ;gntributions to the dispersion amplitugefrom (intra- and
and arginine residuéd, where relaxation is predominantly  intermolecular) dipole couplings with labile hydrogens (includ-
intramolecular. (In addition, we assumed fast rotation Of3NH mg internal water hydrogens) are therefore reduced by this
groups.) For other types of labile protons, relaxation is factor, while contributions from (intermolecular) dipole cou-
intermolecular and therefore less affected by internal motions. plings with nonlabile protein protons are unaffected. In an
In Figure 7, the labile proton contributiorje, has been  jsotopically mixed solvent (& x < 1), a proton dipole-coupled
normalized by the contributionfw = 2.0 x 10’ s2, from a to n hydrogen nuclei can exist in'&tates with different H/D
fully ordered internal water molecule such as W122. Above substitution patterns and, hence, different intrinsic relaxation
pH 6.4, the labile proton contribution to thiH dispersion  rates. If H/D exchange is fast compared to spin relaxation,
amplitude exceeds that from the four internal water molecules. however, the intrinsic relaxation rates will be population-
The long-standing belief that labile proton contributions are weighted averages over the ensemble of H/D configurations.
negligible at neutral pfft6-18.22.303%g clearly not supported by  Consequently, the dispersion amplitude should decrease linearly
the present analysis. On the other hand, the results of Figure 7with the deuterium fraction as

show the expected qualitative similarity with the previously

reported pH dependence of thg dispersion amplitudét B(X) =, + (1 —0.95%)4, (15)

Isotope Dilution. By recording thé'H relaxation dispersion
from protein solutions of varying H/D isotope composition, the Where 5o and 1 are the contributions from dipole couplings
contribution from intermolecular dipole couplings with nonlabile With nonlabile and labile protons, respectively.
protein protons can be isolatédt-26 Figure 8 shows the result Figure 9 shows the variation gfwith x for BPTl at pL 5.1.
of such an isotope dilution experiment on four BPTI solutions Within the experimental uncertainty, the linear relationship in
of varying atom fraction deuteriumx) in the exchanging  ©d 15is obeyed. (In the fast exchange regifis unaffected
hydrogen pool (water and labile hydrogens). The dispersion by .the isotope effect on solvent viscosity.) The solid curve,
parametersy, 8, andz. in eq 1, resulting from the fits shown which conforms_clo_sely to the datg, was calcula_ted as follows.
in Figure 8, are collected in Table 3. All four solutions were | N€ water contributiof (dashed line) was obtained from the
of the same BPTI concentration, slightly higher (18.9 mM, or Bwiintra @nd Bwnter values dedyced from th.e_ precgdlng analysis
Ny = 2600) than in the solutions used for the difference NMRD (&nd scaled tdr = 2600), withSwnter partitioned intofo and
experiment (16.8 mM oK = 3045). The lyonium ion activity b1 contrlbunon_s on the ba§|s of the crystal st_ructurg. For w122,
was also the same in the four solutions, withplpH* + 0.4x 57% ofﬂw"”‘e' IS dl_Je to dipole couplings with labile protons,
= 5.1, as in the difference NMRD experiment. As expected, essentla_lly the amide NH protons O.f Cys 14, Gly 36, and Cys
the 8 values in Table 1 (wild-type BPTI) and Table 8 0) 38 (cf. Figure 5). The percentage is nearly the same for the
coincide when normalized by the concentration varidisie (69) Smith, D. W. G.; Powles, J. Glolec. Phys1966 10, 451—463.
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Figure 9. Variation of the dispersion amplitude parametewrith the

D atom fractionx. The solid curve, calculated as described in the text,
is the sum of a contributiofiy from the four internal water molecules
(dashed line) and a contributighe from labile BPTI protons (dash-
dotted curve). The expected reduction/bfvith x in the absence of
dipole couplings to nonlabile BPTI protons is also shown (dotted line).

four internal water molecules as a group. The contribufien
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Figure 10. Dispersion amplitude paramef&y.ssdue to cross-relaxation
between BPTI protons and the protons of the indicated internal water
molecules. The data points were calculated as described in the text,
using the crystal structure of BPTM is the number of BPTI protons
within a prescribed radiuR of either of the two water protonSeross

is inversely proportional t&Ny (= 3045 here).

Dipolar Cross-Relaxation. In the preceding analysis, we

from exchanging BPTI protons (dash-dotted curve) was calcu- assumed that intramolecular and intermolecular dipole couplings
lated from eqgs 13 and 14, using the same rate constants as fogontribute additively td?; as in eq 7. This is an approximation.
the preceding analysis. The nonlinearity in this contribution is A more rigorous approach is to calculate the evolution of the
due to the lysine Nbi protons that are in the intermediate observed water magnetization for the case where a water
exchange regimec{ eq 14). In principle, a nonlineax molecule (or labile proton) exchanges between the bulk solvent
dependence can also result from the (primary) isotope effectsand an internal site, where each of the water protons is dipole

on K, values and Wy (included in the analysis), from the

coupled to the protein protons, which in turn are dipole coupled

(secondary) isotope effects on the exchange rate constant3o each other.

(neglected), and from small deviations of isotope fractionation
factorg® from unity (neglected). At least under the present
conditions, however, these effects are insignificant.

As a convenient indicator of the relative importance of dipole
couplings with labile and nonlabile protons, we take the relative
reduction of 8 on going from HO to D,O. This quantity,
denotedApg, is proportional to the slope of a lineA(x) plot.

For BPTI at pH 5.1, we find\3 = 75%, clearly less than the
96% expected if all dipole couplings involved labile protons
(dotted line in Figure 9). The nonlabile BPTI protons respon-
sible for this difference are dipole-coupled to internal water
molecules ) as well as to exchanging BPTI protonse).
The Sw contribution, withAfw = 81%, is dominated by the
intramolecular dipole coupling. Th& contribution at pH 5.1

is dominated by the eight hydroxyl protonsfon = 31%). The

In the Appendix, we present a rigorous treatment of dipole
relaxation in a multispin system in the presence of chemical
exchange. This analysis shows that eq 7 should be supple-
mented by a term of the fortficrosgcFerosdwotc), where, like
Finra(X) and FinedX), Feros{X) iS @ non-negative dispersion
function with normalizatiorF¢0s{0) = 1. The cross-relaxation
term cannot in general be expressed in a simple form but can
be evaluated numerically as described in the Appendix. As for
Bintern We have calculategboss for the four internal water
molecules in BPTI, using the proton coordinates in the crystal
structur@” and includingN BPTI protons within a distand@.
of either water proton. The results are presented in Figure 10
and Table 2. The cross-relaxation tegyssis very small, about
1% of 8, and, as anticipatedf. Appendix), it is negative. In
the investigated frequency range, the dispersion function is well

15 ammonium protons add a smaller nonlinear (intermediate approximated byFeos{X) = [1.2/(1 + 4x%) — 0.2P/Finted(X),
exchange rate) contribution with a larger reduction factor (due which is the exact result foN = 1 (cf. eq Al4). With a

to the dominant intramolecular dipole couplings within thesNH
group).

In several earlietH NMRD studies of protein solutions, the
behavior of the watetH relaxation rate under H/D isotope

correlation time ofz. = 6.2 ns, as found here, the cross-
relaxation contribution should thus produce a broad maximum

just below 30 MHz. Sinc@qossis expected to be merely 1%

of B, however, this feature cannot be resolved at the present

dilution has been taken as evidence for significant cross- experimental accuracg.1% inRy). Similar calculations were

relaxation between the labile and nonlabile proton p&&ig+26

performed for the labile protons of BPTI, yielding (negative)

The present analysis shows, however, that the isotope dilutioncross-relaxation corrections to the intrinsic relaxation rates of
data can be quantitatively accounted for without invoking cross- at most a few percent.

relaxation. This conclusion is supported by the theoretical
analysis of cross-relaxation described in the following section.
We shall not attempt to analyze thelependence af (Table

While the present numerical assessment of cross-relaxation
effects refers specifically to BPTI, the spatial distribution of
protons around the four internal water molecules and elsewhere

3). To do this, the dispersion should be extended to higher in the protein structure should be fairly typical of globular
frequencies to define the high-frequency plateau more ac-proteins in general. The conclusion that cross-relaxation is
curately. Fortunately, the uncertainty in the present data in this unimportant for théH relaxation should therefore hold generally

respect are of little consequence for the analysjs @incefz.
is large compared ta).

(70) Schowen, K. B.; Schowen, R. Meth. Enzymol1982 87, 551—
606.

for solutions of freely tumbling proteins. The relative impor-
tance of cross-relaxation is determined by quantities of the form
oﬁ/(pipj). Since the cross-relaxation ratg is due solely to
the dipole coupling between protonsandj, while the auto-
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relaxation rateg; and p; involve all dipole couplings to these  clear that pH is a crucial variable in watét relaxation studies
protons ¢f. eq A3), one expects in general th@i < pipj. of aqueous macromolecular systems. Conclusions drawn from
This is particularly obvious whenm or j is a water proton, previous?H studies where the labile proton contribution was
strongly coupled to its intramolecular partner. Since this ignored (sometimes to the extent that pH was not even reported)
argument is independent of the value of the correlation tigne  need to be reexamined. Moreover, the present results suggest
cross-relaxation should be unimportant also for proteins that that labile protons play an important, if not dominant, role in
are much larger than BPTI or dissolved in highly viscous determining magnetization transfer contrast in magnetic reso-
solvents, as long as the conventional perturbation theory of spinnance imaging of soft tissue.
relaxation is valid. As demonstrated previously féH314and here fofH, the

Due to the pseudoadiabatic spectral dengiiy; — ;) ~ labile hydrogen contribution may be eliminated by performing
j(0), present inoj and pj, cross-relaxation has a small but a difference NMRD experiment involving mutants or otherwise
significant effect on thex plateau, above thg dispersion. In modified proteins. Under such conditions, thé dispersion
the case of W122, which shows the largest cross-relaxationcan usefully complemerfH and1’O data in several respects.
effect among the four internal water molecules in BP@i. ( First, due to the widely different coupling constants and
Table 2), the high-frequency intermolecular contributiotfirtp consequent difference in intrinsic relaxation times, the three
as given by the second term in eq 9, is thus reducedsdby  nuclei have different “NMRD windows®*15 i.e,, they are
50% due to cross-relaxation. Since the high-frequency inter- sensitive to internal water molecules with residence times in
molecular contribution is merely a few percent of the surface different ranges. By comparing the dispersions of the three
water contributioro, however, cross-relaxation can be ignored nuclei, more detailed information about residence times can thus
also at high frequencies. A longer correlation timewhether be obtained. Second, due to the different geometries of the
due to a larger protein or a more viscous solvent, would not interaction tensors of the three nuclei, they are affected to a
alter this conclusion much, since both terms in eq 9 would different extent by anisotropic motions of internal water
increase. For the magnetization associated with the nonlabilemolecules. A fast 180flip around the water dipole axis, for
protein protons (not observed here), however, cross-relaxationexample, reduces tiél dispersion amplitude by 40% but has
can become important at high frequencies for large protéiffs.  no effect on théH and'’O amplitudes?2 Third, due to the much

higher magnetogyric ratio ofH as compared t8H and 17O,

Conclusions the 'H dispersion can be followed up to much higher frequen-
ﬁies, approaching the GHz range. This is an advantage in
studies of small proteins, high temperatures, or short residence
times.

In previous work, the role of intermolecular dipole couplings

Over the past three decades, numerous attempts have bee
made to define the respective roles of hydration water, labile
protons, intra- and intermolecular dipole couplings, and cross-
relaxation in determining the watéid relaxation rate measured ‘ .
in protein solution§8 The failure of this massive body of ?nd cross-relaxation has been assessed b}é Zczosrgp"aﬂmd
experimental data to provide a coherent picture of pretein -1 NMRD profiles from protein solutiond:6223 For all
water interactions and dynamics was due mainly to the investigated proteins, the scaledi rate is found to be

incomplete understanding of the molecular mechanism wherebyconsiderably larger than the scaléd rate. In the past, the
hydration water acquires a correlation time-8 orders of scaling has usually been done with the bulk water relaxation
magnitude longer than in bulk water. The recent dem- rates. Since the intermolecular contribution to therate is

onstratiof~25 by 0 NMRD of the crucial role played by ca.60% in bulk water? as compared toa. 30% for an isolated

internal water molecules also removed the major obstacle to aintérnal water molecule such as W12&.(Tables 1 and 2),
molecular interpretation ofH relaxation data from protein ~ Scaling with bulk water rates tends to underestimate the

solutions. intermolecular contribution (producing a too low scaleti?H
Taken together with the previodsl and'’0 NMRD studies ratio) and may obscure a direct labile proton contribution. Given
of wild-type and mutant BPTY; 1113.14the presentH NMRD that the water contributionf(y) is due to internal water

study of the same proteins demonstrates that the relaxationmc"eCUIes' it is more natural to scale the relaxation rates with

dispersions of all three nuclei report on internal water molecules the rigid-lattice (icelh) coupling constants, as in eq 5. The
exchanging with bulk water on a time scale that is short ratio of the scaled dispersion amplitudes is then given by the

compared to the intrinsic relaxation time. For all three nuclei, QUantityK = [BCH)BEH)ICEH)/C(H)]. The data in Figures

the coupling constant for the internal water molecules is _3and4yieIoK= 1.8 for W122 anK = 2.1 for W111-W113

consistent with that in hexagonal ice, as expected from the in BPTI solutions at pH 5.1 and 27C. From previously
similar hydrogen bond geometry. reported data, we obtakh = 2.6 for carbonmonoxy hemoglobin

o VK = 30
The relaxation rates of the hydrogen isotopes contain, in (pH 7.5, 25°C) K = 3.5 for lysozyme (pH 4.5, 22C),*’and

— i o 22
addition, a direct contribution from exchanging protein hydro- ﬁ 6.8 forl aelllzallnelphospSatatste_b(ptHdItS,(5). As s"hO\]:v?h
gens which generally is more important fét than for?H, due fe”re, a va# ts: can | ? a ”l u el 1& an); or ? Ot' €
to the longer intrinsic relaxation time dH. While the 2H ollowing effects: ) an intermolecularH auto-relaxation

dispersion may be virtually unaffected by hydrogen exchange contribution, {) a direct labile hy_glr(_)gen contribution, which
in a narrow pH range, as found for BP¥Ithe H dispersion is always larger fotH than for2H, (jii ) internal water molecules
appears to be affected under all conditions. For BPTI at neutral that are 1not in the fzast exch_ange limit anq thgrefore contribute
pH, labile protein protons thus make a larger contribution than molre t(i Htthha;n tod H (Cf]; Fltg;g% 4), a?](.j 'g) |n|terngl wattir
water protons to théH relaxation dispersion. For its relatively molecules that undergo fas ps, which only reduce the

. . ?H rate. In the absence of effects) (i), we expecK ~ 1.3
small size (6.5 kDa), BPTI has an unusually high internal water . . X
content. The labile proton contribution is therefore expected for singly buried water molecules (as W122) and- 1.6 for

. : . . linear clusters of buried water molecules (as WAW113).
to be relatively more important for most other proteins. It is ; : —
y P P The considerably largeé€ values actually obtained indicate that

(71) Kalk, A.; Berendsen, H. J. Q. Magn. Resorl976 24, 343-366.
(72) Sykes, B. D.; Hull, W. E.; Snyder, G. Biophys. J1978 21, 137— (73) Lankhorst, D.; Schriever, J.; Leyte, J. Ber. Bunsenges. Phys.
146. Chem.1982 86, 215-221.
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the effectsi{)—(iv) are important. For the proteins studied at as internal water molecules and labile protons, it is straight-
pH 7.5, the direct labile proton contribution probably exceeds forward to calculate the cross-relaxation contribution using the
the water contributioncf. Figure 7). rigorous Solomon equations. When this is done, it is found
Previous H/D isotope dilution studies have not produced a that the cross-relaxation effect on tHe relaxation dispersion
coherent picture of the role of intermolecular dipole couplings. is negligible. It is also clear that the high-frequenay
Three factors are mainly responsible for thig: tifie importance contribution is virtually unaffected by cross-relaxation. This
of internal water molecules was not recognizei, the direct conclusion follows since the quantitﬁ,F/(prp), which de-
labile proton contribution was usually ignored, arid) (para- termines the efficiency of cross-relaxatiocf.(Appendix), is
magnetic impurities may have contributed to therate at high proportional to the effective correlation for thg andpp rates,
deuterium fractiond-3° By explicitly calculating the contribu-  and this cannot exceed the subnanosecond residence time of a
tion from exchanging and nonexchanging protein protons to the water molecule at the protein surface.
intermolecular dipole couplings with internal water molecules  The suggestion by Edzes and SamuikK that cross-
and labile protons, we have shown here that the meastired rejaxation plays a role for watéH relaxation in macromolecular
reduction, A3 = 75%, for BPTl at pH 5.1 can be quantitatively  systems was based on experimental data from biological systems
accounted for. Previously reportéld NMRD isotope dilution  that differ in two important respects from protein solutions: the
data yield smallep reductions than found hereAg = 59% macromolecules were not free to tumble, and the water content
for fibrinogen (pH 5.9 and 7.3, 2&), A = 59% for carbonic  was low. Under these conditions, the theoretical treatment
anhydrase (pH 7.5, 8C)?* A = 48% for carbonmonoxy  presented here does not apply, and a significant role for cross-
hemoglobin (pH 7.5, 25C)** and AB = 31% for alkaline  relaxation cannot be ruled out. Ironically, the current view of
phosphatase (pH 7.5°€) > The smallest\3 is expected from  the |eading proponent for cross-relaxation effects in mobile
labile OH and NH protons, which relax entirely by intermo-  protein solutions is that cross-relaxation is unimportant for cross-
lecular dipole couplings. Among the proteins mentioned, |inked proteing®7¢ Instead, the distinctly non-Lorentzidh

alkaline phosphatase has a uniquely high (HNH)/(NH + dispersion from cross-linked serum albumin was interpreted in

NHs) ratio, which may partly explain the smal3 value. terms of two classes of long-lived water molecules at the protein
In one previous isotope dilution stud§the reported plots  surface, with residence times ofis and 23 ns, respectivel§’s

of Bz versusx were concave upwards at high This finding A similar interpretation was proposed for the dispersion in

cannot be explained by the small nonlinear isotope effects onthe same systeA$. As we have demonstrated elsewh&ré
f discussed here. In fact, one would expect the curvature to however, the?H dispersion frequency in a rotationally im-
be concave downwards due to the viscosity isotope effect on mobilized system reflects the (residual) quadrupole frequency

7c. Since the reported dispersion amplitudes were determinedrather than a motional correlation time. Analogous consider-
by fitting the empirical Cole-Cole dispersion to dispersion data  ations should apply to th&H dispersion.

that do not extend up to the plateau, it is possible that In their recent work, Koenig and co-workers attempt to
systematic errors play a role. Such errors are expected {0 beggefine the concept of cross-relaxatféd® The pseudo-
most important at highx, where the dispersion is small.  ianatic spectral densilf0), appearing in the auto- and cross-
Nonlinearities are absent in the present BPTI data (extending e|axation ratesof. eqs A4 and A5), is thus said to be associated
up to x =50'86) as well as in previously reported data for iy, “magnetization transfer”, the spectral densiwo) with
fibrinogerf® and lysozyme (both these stuqleszsextended UP 10 «cross-relaxation”, and the spectral densjit@wg) with both.
x = 0.90). Other isotope dilution studie82* have been |, o view, this semantic excercise does little to clarify the
restricted to a single relatively high resonance frequency andjsq e, We use the term cross-relaxation in its original $éf%e
theref(_)re report mainly on the. contribution from surface {5 gescribe the dynamic coupling between the longitudinal
hydrat!on. . magnetizations of different spin populations. The theoretical
Earlier theoretical treatments of the effect on water analysis presented here shows that the effect of this coupling
relaxation of cross-relaxation wnh protein protons have_ generally 5n the water!H relaxation dispersion in protein solutions is
been based on phenomenological models, postulating two Orpegjigible. The intrinsiciH relaxation rates of internal water
more proton prlasgs , each vv:th a uniform “spin temperature” moecyles and labile protein protons can therefore be obtained
established by “spin diffusion”, taken to be fast compared to py simply adding the intermolecular auto-relaxation rate to any
longitudinal relaxatior?:?24+#% These concepts are borrowed jngramolecular contribution, as in eq 7. Since, in protein
from the solid state, where the flip-flop term in a static dipolar  sojutions, the watefH relaxation rate should be virtually
Hamiltonian leads to coherent polarization transfer, often ynaffected by the relaxation (or saturation) of the magnetization

referred to as spin diffusioff. For a protein solution, where  aqgqciated with the nonexchanging protein protons, there is no
the dipolar Hamiltonian fluctuates at a rate fast compared 10 neeq to consider coupled equations of motion.

the dipole couplings (the motional narrowing condition), these
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relaxation rate constant with a physical significance that is  (76) Koenig, S. H.; Brown, R. DMagn. Reson. MedL993 30, 685
qualitatively different from the cross-relaxation rate in the 695 le. B Deni onh
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Appendix: Dipole Relaxation in a Multispin System with
Chemical Exchange

Consider a spin-1/2 nucleus exchanging between a bulk-like

environment and a macromolecular site, where it is dipole
coupled toN macromolecular spin-1/2 nuclei, all of which are

J. Am. Chem. Soc., Vol. 119, No. 13, BA33

Our aim here is to calculate the evolution of the nonequilib-
rium longitudinal magnetizationAlg(t), associated with the
bulk-like environment. The formal solution to eq Al is

X(t) = exp(R{)X(0) (A8)

mutually dipole coupled. The exchanging nucleus might be a showing thatAl,g(t) decays in general as a sum Wf+ 2

proton in a water molecule exchanging between a bulk environ-

ment and an internal cavity in a protein or a labile protein proton

exponentials. In practice, however, it is often found that the
decay ofAlg(t) is indistinguishable from a single exponential.

exchanging with bulk water. We assume that all spins are The effective longitudinal relaxation ratBg, measured under

weakly coupledi.e., all scalard couplings are small compared

to the corresponding chemical shift differences. Furthermore,

we assume that all spins have the same magnetogyric yatio,
Finally, we neglect cross-correlatiorisg., we consider only
auto-correlation functions for the spatial variables.

Under the stipulated conditions, the coupled evolution of the
nonequilibrium longitudinal magnetization associated with the
considered spins is described by a se\laf 2 linear relaxation-
exchange equatiorfd33that can be expressed in matrix notation
as

d —
40 =—RX® (A1)

where X(t) is a column vector with componentallgs, Alzw,
Alg, Alp, ..., Alz], the subscripts labeling the bulk-like state
(B), the exchanging macromolecular site (M), and the non-
exchanging macromolecular sites (1,2).., The rate matrix

R takes the form

] [
(os t+ k) —k

0 O -0
—fk (om + K om1 omz * -+ own
R= 8 Oom1 pP1 012 **° OIN (A2)
om2 012 2 * O1N
b 2)‘MN 27lN 2)-lN ¢t :ON
Here,f ié the ratio of the equilibrium population!, in the M and

B states, andk is the M — B exchange rate,e., 1k is the

mean residence time of a nucleus in site M. The auto-relaxationWith the intrinsic relaxation rateRw,

rates,p;, and cross-relaxation rates;, of the explicitly dipole-
coupled nuclei are

N
Pi = ) Pj (A3)
i = Dﬁ[O.lj(O) + 0.3j(wg) + 0.6j(2wg)]  (A4)
0, = D[0.6j(2w,) — 0.1j(0)] (A5)
with the dipole coupling constant
Dy = (%)h_yz (AB)

3

If the protein dynamics can be modeled as rotational diffusion
of a rigid spherical top, the spectral density function takes the
simple form

¢

1+ (w7y)? (A7)

j(w) =

The following treatment, however, is valid also for more
sophisticated spectral density functichs3

such conditions can be obtained as

1R = [."dt Al g(t)/Alg(0)

By Laplace transforming eq A8, one obtains from eq A9

(A9)

LRy = (R g + (R gyl 5 (0)/ALg0) +
N
(R™)gAlL{0)/AlL0) (A10)

For selective excitation of the B spins, only the first term in eq
A10 contributes since them y(0) = Al;(0) = 0. The
remaining terms can actually be neglected also in the case of
nonselective excitation provided thiat< 1 andpg < (om, p1,

02, ..., pN), @S is frequently the case. For selective excitation of
the macromolecular spins, however, the observed B spin
magnetization obviously evolves nonmonotonically (sintg(0)

= 0). The concept of an effective relaxation rate is therefore
not useful in this case.

Taking the inverse of the rate matfikand using elementary
properties of determinants, we find from eq A10 that the
effectively exponential decay of the nonequilibrium bulk
magnetization is governed by a relaxation rate

f

Rs = ps + (A11)

1 .1
Ra ' K
of the exchanging
macromolecular site given by

N

1
—_— detP,
P)ZOMI € (P|)

Ru (A12)

Pwm

det

where P is the relaxation matrix for the nonexchanging
macromolecular spins

P1 O12 * ** OIN
(0] o
p— .12 f)z 2N (A13)

OIN O2N * *

and the matriXP; is obtained fronP by replacing tha:th row

of P by (om1, om2, ..., omn). FOr the case of selective (B spin)
excitation, eqs A1*A13 represent an exact result for the
effective relaxation rat®s defined in eq A9. For nonselective
excitation, the result is an accurate approximation as lorfg as
< 1 andpg < Ru. If all cross-relaxation ratesy; vanish, then

Ru = pm and, eq A1l reduces to the well-knotémesult for
two-site exchange under the conditiohs< 1 andpg < pwm.
Using eqgs A3-A5, it can be shown that d&¥] andow; det(P;)

are non-negative and, hence, that the effect of the cross-
relaxation rategy; is always to reduce the intrinsic relaxation
rate Ry, i.e., the inequalityRy < pm holds generally. For the
special case of a rigid, spherical-top protein, with the spectral
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density function as in eq A7, the cross-relaxation contribution in a water molecule. The only difference is that now the two

to Ry vanishes whemy; = gj = 0, i.e., whenwore = v/5/2.
ForN =1, eq Al12 reduces to

Ofnl
Ru=pu — " (A14)
and forN = 2
Ohpy 00001 — 201410050
R, = py — (P10M2 + P20 M10M2912) (A15)

(P1p2 — oiz)

If the cross-relaxation rates;;, between the macromolecular
spins are neglected, the general result, eq A12, reduces to

N o

Ru=pu— Y — (A16)
=10

The preceding results are readily generalized to the case wher

cross-relaxation rates that couple the exchanging and non-
exchanging macromolecular spins are no longer equal; instead,
we have

1
50M = Omai T Oz (A17)

OMi=2

The net effect of this modification is that the cross-relaxation
terms in eqs A12 and AX3A16 are multiplied by a factor 1/2.
The auto-relaxation rate of the M spins is now given by

1 N
om = (Omamz T Ovam2) +£ (ovai T Pvz)  (A18)

while the auto-relaxation ratgs of the nonexchanging spins
are given by eq A3 with the summation including the two M
espins.

the exchanging entity is a two-spin system, such as the protonsJA963611T



